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SUMMARY 

A prel iminary a n a l y s i s  of a cryogenic se rv i ce  module f o r  t h e  Apollo 

lunar  landing mission has  been ca r r i ed  out .  The chosen design i s  based 

I on a hydrogen-oxygen pump-fed system u t i l i z i n g  a s i n g l e  RL-10 engine. A 

cold helium p res su r i za t ion  system i s  assumed w i t h  s u f f i c i e n t  capac i ty  t o  

provide mul t ip le  r e s t a r t  capab i l i t y .  

s e rv i ce  module i s  being developed with a p rope l l an t  capac i ty  of  45,000 

pounds which could u t i l i z e  a lunar t r a n s f e r  weight up t o  105,000 pounds. 

I t  i s  es t imated  he re in  t h a t  t h e  present  s e rv i ce  module could provide a 

LEM g ross  weight of 30,080 pounds f o r  a lunar  t r a n s f e r  weight of 90,000 

pounds. 

u 

A t  t h e  present  time a p res su r i zed  

Development of a cryogenic serv ice  module wi th  a p rope l l an t  capa- 

c i t y  of 33,000 pounds could a l s o  u t i l i z e  a lunar  t r a n s f e r  weight up t o  

105,000 pounds. 

weight of 40,000 pounds f o r  a lunar  t r a n s f e r  weight of 90,000 pounds. 

This r e p r e s e n t s  a 33 percent  increase i n  LEM gross  weight over t h a t  f o r  

t h e  p re sen t  s e rv i ce  module. The increased c a p a b i l i t y  of t h e  cpyogenic 

se rv i ce  module can a l s o  be exploi ted t o  reduce t h e  r equ i r ed  lunar  t r a n s f e r  

weight. For example, a LEM gross weight of 30,080 pounds w i l l  r equ i r e  a 
luna r  t ransfer  weight of l e s s  than 80,000 pounds when t h e  cryogenic se r -  

v i ce  module i s  used i n  t h e  mission. S imi l a r ly ,  combinations of improve- 

ments i n  both  LEM weight and luna r  t r a n s f e r  weight requirements could be 

obtained.  

Such a s tage  when off-loaded could provide a LEM gross  

A smal le r  cryogenic se rv i ce  module more near ly  optimized f o r  t h e  
p re sen t  LOR mission would have a propel lan t  capac i ty  of approximately 

30,000 pounds. Such a design exh ib i t s  only s m a l l  performance improvements 

compared with t h e  l a r g e r  cryogenic serv ice  module, but  it might achieve 
inhe ren t  advantages i n  the  suppression of p rope l l an t  s l o s h  during boost 

and i n  increased  volumes a v a i l a b l e  f o r  necessary a u x i l i a r y  equipment. 
. 
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INTRODUCTION 

. 
Recent i n t e r e s t  i n  performance improvements f o r  t h e  Apollo 

lunar  landing mission has focused a t t e n t i o n  on t h e  concept of a 

cryogenic se rv i ce  module. Accordingly, t h e  Lewis R'esearch Center 

has d i r e c t e d  a small  a n a l y t i c a l  e f f o r t  toward a study of a cryogenic 

se rv i ce  module i n  an e f f o r t  t o  a r r i v e  a t  an es t imate  of t h e  poss ib l e  

b e n e f i t s  which might be r e a l i z e d  from such a development. 

Lewis s t u d i e s  have been d i r ec t ed  toward luna r  landing modules f o r  var ious  

Apol lo  mission concepts and toward a study of a l una r  l o g i s t i c  spacecraf t  

(References 1 - 3 ) .  Reference t o  t h e  previous s t u d i e s ,  t oge the r  with 

prel iminary a n a l y s i s  i n  t h e  present  study e s t ab l i shed  t o  g r e a t e r  

c a p a b i l i t y  of a pump-fed hydrogen-oxygen se rv ice  module compared with 

a pressure-fed hydrogen-oxygen design. This,  toge ther  with the  s a t i s f a c t o r y  

developmental s t a t u s  of t h e  RL-10 engine has  l e d  t o  t h e  adoption of a pump-fed 

design f o r  t h i s  s tudy.  To obta in  maximum performance improvements t h e  

dimensions of t h e  cryogenic se rv i ce  module were not  cons t ra ined  i n  t h e  

envelope of t h e  present  s e rv i ce  module. An e n t i r e l y  new s e r v i c e  module 

design was assumed, with over311 dimensions somewhat l a r g e r  than  t h e  present  
design.  

p r e s s u r i z a t i o n  system and a s i n g l e  RL-10 engine. The engide a s  p re sen t ly  

c o n s t i t u t e d  would r equ i r e  add i t iona l  development f o r  t he  cryogenic se rv i ce  

module application.34 Rel iab le  mult iple  r e s t a r t  c a p a b i l i t y  under vacuum 

cond i t ions  would have t o  be demonstrated with emphasis on engine s t a r t  and 

ope ra t ion  at  l o w  NPSH. I n  add i t ion ,  developmental e f f o r t  i n  t h e  a r e a s  

of valve leakage r a t e s ,  chill-down requirements and r e p e a t a b i l i t y  of s t a r t  

and s t o p  t r a n s i e n t s  woulld be required.  

Previous 

At ten t ion  has beeh focused on a design u t i l i z i n g  a co ld  helium 

The design concepts adopted i n  t h i s  study a r e  intended t o  be c o n s i s t e n t  

with t h e  r e a l i z a t i o n  of a cryogenic se rv i ce  module of high r e l i a b i l i t y .  

However, more design e f f o r t  w i l l  be necessary t o  e s t a b l i s h  t h e  d e t a i l s  of 

t h e  f i n a l  configurat ion and u l t imate ly  t h e  f i n a l  performance and 

r e l i a b i l i t y  of t h e  cryogenic serv ice  module design.  

The study has  been d i r ec t ed  toward an ana lys i s  of t h e  luna r  o r b i t  

rendezvous mode a s  it would be accomplished with a s i n g l e  Saturn V launch. 

Some d e t a i l s  of t h e  assumed mission p r o f i l e  t oge the r  with a d e s c r i p t i o n  of 

t h e  conf igura t ion  adopted i n  t h e  ana lys i s  a r e  summarized i n  t h i s  r e p o r t .  
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MISSION PROFILE 

The planned mission p r o f i l e  followed he re in  u t i l i z e s  t h e  Saturn V 

boost vehic le  wi th  an Earth-orbi t  parking mode and a luna r -o rb i t  rendez- 

vous (LOR) mode. A synchronous descent maneuver from t h e  se rv ice  module 

o r b i t  a l t i t u d e  f o r  t h e  Lunar Excursion Module (LEM) i s  assumed with rescue 

and r e t r i e v a l  c a p a b i l i t y  of t he  LEM by t h e  se rv ice  module provided. A 

t o t a l  of e i g h t  midcourse co r rec t ions  (four  outbound and four  inbound) a r e  

c 

I made us ing  e i t h e r  t h e  se rv ice  module main propuls ion system or t h e  se rv i ce  

module a t t i t u d e  c o n t r o l  engines.  The main propuls ion system i s  used f o r  

t h r e e  midcourse co r rec t ions ,  r e t r o  i n t o  lunar  o r b i t ,  LEM rescue and 

r e t r i e v a l  and departure  from lunar  o r b i t .  
I 

I n  t h e  example mission examined i n  t h i s  study, an Earth o r b i t  s t a y  

time of 4 1 / 2  hours i s  assumed followed by i n j e c t i o n  t o  lunar  t r a n s f e r  

using t h e  SIVB s t age .  The first t w o  midcourse co r rec t ions  a r e  made a t  9 

and 1 5  hours  a f t e r  i n j e c t i o n  using the se rv ice  module main propuls ion 

system. The next  two co r rec t ions  are made a t  44 and 69 hours  a f t e r  i n j ec -  

t i o n  us ing  t h e  se rv ice  module a t t i t u d e  c o n t r o l  engines.  Retro i n t o  an 

80 n a u t i c a l  mile lunar  o r b i t  occurs 7 2  hours a f t e r  i n j e c t i o n .  Two o r b i t s  

of t h e  spacec ra f t  a r e  completed p r i o r  t o  LEM descent.  Poss ib le  rescue 

would be accomplished by p lac ing  the main spacec ra f t  on t h e  same o r b i t  a s  

t h e  LEM and would occur on t h e  f i r s t  opportuni ty  a f t e r  i n i t i a t i o n  of t h e  

LEM synchronous descent .  Use of the main propuls ion system i s  planned f o r  

t h e  rescue  maneuver. A t o t a l  s t a y  t ime i n  lunar  o r b i t  of 48 hours i s  

allowed. I n s e r t i o n  on t o  t h e  moon-earth t r a n s f e r  t r a j e c t o r y  occurs f i v e  

days a f t e r  depar t ing  from Earth and again uses  t h e  RL-10 engine system. 

Four midcourse co r rec t ions  a r e  used on t h e  r e t u r n  t r i p  and occur a t  9 ,  15,  

44 and 69 hours r e spec t ive ly  following i n s e r t i o n .  The midcourse 9 hours 

a f t e r  depar ture  from lunar  o r b i t  uses t h e  main propulsion system; t h e  

fol lowing - t h r e e  co r rec t ions  use the se rv ice  module a t t i t u d e  c o n t r o l  engines.  

Ear th  r e -en t ry  u t i l i z e s  atmospheric braking and i s  accomplished si: t h e  

e i g h t h  day a f t e r  launch. 

s i o n  phase a r e  t abu la t ed  i n  Table I .  Tota l  v e l o c i t y  requirements a r e  

c o n s i s t e n t  wi th  p rope l l an t  requirements l i s t e d  i n  Reference 4, and a r e  

in tended  t o  include a ten  percent  AV r e se rve .  

- 
The ve loc i ty  increments assigned t o  each propul- 
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I n  a r r i v i n g  a t  prel iminary design concepts and vehic le  weight e s t i -  

mates, conservat ive assumptions were adhered t o .  Although no r e l i a b i l i t y  

analyses  a r e  ava i l ab le  a t  t h e  present  t i m e ,  it i s  apparent t h a t  t h e  design 

should s t r i v e  f o r  s i m p l i c i t y  and a m i n i m u m  number of components. Conse- 

quently,  simple d i r e c t  approaches t o  the var ious  design requirements were 

imposed; where t h i s  r e s u l t e d  i n  weight p e n a l t i e s  and consequent performance 

d e t e r i o r a t i o n ,  t hese  were accepted without a t tempting t o  rega in  performance 

by compromising t h e  bas i c  design philosophy. I n  a r e a s  where l i t t l e  i n f o r -  

mation i s  ava i l ab le  a t  t h e  present  time, t h e  assumptions may be re laxed  

when more data  i s  acquired.  Major design assumptions a r e  summarized i n  

Table 11. 

, 

Mater ia l s  and Desizn C r i t e r i a  - St ruc tu re  was designed f o r  f l i g h t  

l oads  obtained from t h e  Saturn V Launch Vehicle Design Data Book. L i m i t  
load  f a c t o r s  of 1.1 on y i e l d  s t r eng th  o r  1 . 4  on u l t imate  s t r e n g t h  a t  

appropr ia te  ma te r i a l  temperatures were adhered t o .  A l l  buckling loads  were 

assumed t o  be u l t ima te .  All s t r u c t u r e s  and tanks  were designed so  t h a t  no 

y i e ld ing  occurs a t  l i m i t  loads.  Mater ia l s  were s e l e c t e d  on t h e  b a s i s  of 

compat ib i l i ty ,  s t r eng th ,  notch s e n s i t i v i t y ,  f r a c t u r e  toughness, assumed 

r e s i s t a n c e  t o  meteoroid impact, and forming and welding p r o p e r t i e s .  

Titanium a l l o y  (5A1, 2.5 Sn) was s e l e c t e d  a s  helium tank  ma te r i a l .  

With hydrogen-oxygen p rope l l an t s ,  t h i s  v e s s e l  w i l l  be immersed i n  t h e  l i q u i d  

hydrogen tank.  Based on f r a c t u r e  ana lys i s ,  a s t r e s s  of 120,000 p s i  was 

allowed a t  a temperature of 38'R. However, da ta  on t h e  plane s t r a i n  f r a c -  

t u r e  toughness of t h i s  ma te r i a l  i n  t h i c k  s e c t i o n s  i s  needed t o  demonstrate 

t h e  v a l i d i t y  of t h i s  working stress. The r e l a t i v e l y  small  s i z e  of t h e  

helium tank  w i l l  s impl i fy  q u a l i t y  con t ro l  and inspec t ion  techniques.  Further-  

more, meteor i te  impingement w i l l  not occur unless  a ca t a s t roph ic  pene t r a t ion  

of t h e  l i q u i d  hydrogen tank has  a l ready occurred. 

A d u c t i l e  aluminum a l l o y ,  2219- T87 was se l ec t ed  f o r  t h e  f u e l  and 

. oxidant  tanks .  This ma te r i a l  i s  very tough a t  cryogeriic t c q e r a t u r ~ s  and 

should t h e r e f o r e  o f f e r  high r e s i s t a n c e  i n  t h e  presence of cracks o r  meteoroid 

* damage. I t  is compatible with t h e  oxidants  and f u e l s  considered. Minimum 

aluminum skin  gages of 0.015 inch f o r  t h e  68 inch  diameter LOX t anks  and 

0.020 inch  f o r  t h e  167 inch diameter hydrogen tank were s e t  a s  manufacturing 

and handl ing  l i m i t a t i o n s .  Pressure requirements alone l e a d  t o  tank  th i cknesses  

l e s s  than  these  minimums. Actual p rope l l an t  tank  weight i s  not  a l a r g e  po r t ion  

31311111L 
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of t o t a l  hardware weight f o r  t he  pumped system. 

Airframe - The ou te r  s h e l l  of t h e  a i r f rame is  made of aluminum 
I honeycomb sandwich panels  re inforced  by e i g h t  l ong i tud ina l  s t i f f e n e r s  

and f i v e  c i rcumferent ia l  r i n g s .  The sandwich panels  a r e  b u i l t  of .016 

inch t h i c k ,  7075 a l l o y  f ace  shee ts  bonded t o  0.75 inch t h i c k ,  5052 a l l o y  

core .  This core c o n s i s t s  of f o i l  sheets ,  .001 inch t h i c k ,  expanded i n t o  

honeycomb c e l l s  having a width of 3/16 inch across  t h e  f l a t s .  

s t i f f e n e r s  made of 7075-T6 aluminum serve t o  d i s t r i b u t e  concentrated a x i a l  

i n e r t i a l  loads i n t o  t h e  sandwich panels. These loads  a r e  introduced by 

t h e  s p i d e r  beam and t h e  LOX tank r ings  i n  t h e  a f t  s ec t ion  of t h e  veh ic l e  

and by e igh t  command moddle support pads and f u e l  c e l l  components i n  t h e  

forward sec t ion .  The long i tud ina l  members vary i n  s i z e  along t h e  length  

of t h e  veh ic l e  according t o  t h e  magnitude of t h e  appl ied  loads.  Rings 

made of -  7075-T6 aluminum r e s i s t  r a d i a l  i n e r t i a l  loads imposed upon t h e  

ou te r  s h e l l  and a r e  s i zed  accordingly. D e t a i l s  of t h e  ou te r  s h e l l  s t r u c t u r e  

a r e  shown i n  Figure 2 b&c. 

I 

- Longitudinal 

I 

All of t h e  main p rope l l an t  t a n k s  a r e  supported by t h i n  Titanium 
5 A 1  - 2.5 Sn s h e l l s  of revolu t ion  in  order  t o  avoid imposing concentrated 

loads  o r  bending moments i n t o  t h e  th in  walled tanks  and t o  preven? excessive 

hea t  conduction. The a f t  end of each support  s h e l l  is mechanically fas tened  

t o  t h e  o u t e r  l e g  of a 2219-T87 "Y" r i n g  which has  been welded t o  t h e  

s p h e r i c a l  tank bulkheads, f i g u r e  2b. The forward end of t h e  hydrogen tank 

support  cone i s  mechanically fas tened t o  a 7075-T6 aluminum r i n g  a t tached  

t o  t h e  o u t e r  s h e l l .  The forward end of each oxygen tank support  cy l inde r  

a t t a c h e s  t o  a 7075-T6 aluminum box r i n g  which, i n  tu rn ,  i s  supported a t  

thpee p o i n t s ,  one poin t  a t  t h e  tangency of each adjacent  sp ide r  beam and 

one p o i n t  a t  t h e  ou te r  s h e l l  r i n g .  The cruciform sp ide r  beam b u i l t  of 

7075-T6 aluminum a l s o  t r ansmi t s  engine t h r u s t  and i n e r t i a  loads  i n t o  t h e  

o u t e r  s h e l l .  The helium tank is supported by a t i t an ium 5 A 1  - 2.5 Sn 

I 

I coiiiciil s h c l l  mechanically fas tened a t  t h e  a f t  end t o  an  aluminum. r i n g  

a t t ached  t o  t h e  tank bulkhead. Ci rcu lar  cu tou t s  i n  t h i s  s h e l l  a r e  provided 

f o r  p rope l l an t  flow. 

bulkhead and d i s t r i b u t e  helium tank i n e r t i a l  loads .  

Doublers i n  the  a f t  bulkhead a r e  used t o  r e in fo rce  t h e  

The a f t  bulkheads of t h e  LOXtanks a r e  sh ie lded  from meteoroids and 

engine heat  with 0.02 inch t h i c k  laminated F iberg las  bonded t o  one inch of 

polyurethane foam. This i n su la t ion  i s  i n  add i t ion  t o  t h e  f o i l  i n s u l a t i o n  

provided f o r  t h e  tanks.  
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- A breakdown of airframe weight is  shown i n  Table 111. 
Propel lan t  Tank I n s u l a t i o n  - A s a t i s f a c t o r y  comparison of i n s u l a t i o n s  

f o r  space veh ic l e s  can b e  made on the  b a s i s  of t h e  conduct ivi ty-densi ty  

parameter, (kf)1/2 which i s  the square roo t  of the product a€ thermal  

conduct ivi ty  and dens i ty .  

a r e  des i r ab le ,  hence, a low (kf)1/2 value provides  t h e  l i g h t e s t  system 

(assuming no problems of appl ica t ion ,  e t c . )  . On t h i s  b a s i s ,  mu l t ip l e  f o i l  

i n s u l a t i o n  can be about one-eighth as heavy as evacuated powder i n s u l a t i o n  

and about one- f i f teen th  t h e  weight of foam i n s u l a t i o n s  f o r  t h e  same pro- 

t e c t i o n .  The conduct ivi ty-densi ty  parameter f o r  t y p i c a l  i n s u l a t i o n s  of 

mul t ip le  f o i l  i s  approximately 0.01, 

* x lo -5 hr-ftZ-OR Btu-ft 

Both a low dens i ty  and a low thermal conduct iv i ty  

A t y p i c a l  f o i l  material w i l l  have a thermal conduct iv i ty  of 

between room temperature and l i q u i d  hydrogen temperature 

and a dens i ty  of 3 t o  5 pounds p e r  cubic f o o t .  

m u l t i p l e - f o i l  i n s u l a t i o n  i s  t o  reduce t h e  hea t  t r a n s f e r  due t o  r a d i a t i o n .  

The i n s u l a t i o n  c o n s i s t s  of aluminum f o i l  separa ted  by low thermal conduct iv i ty  

spacers  (e.g., Linde Superinsulat ion) .  The aluminum f o i l s  a c t  a s  r a d i a t i o n  

s h i e l d s  where t h e  spacers  act as separa tors  t o  prevent  adjacent  f o i l s  from 

thermally s h o r t i n g  ou t .  I n  order  f o r  t h e  f o i l  pack t o  be e f f i c i e n t  it must 

opera te  under a vacuum of 0 . 1  microns or l e s s  t o  e l imina te  hea t  t r a n s f e r  

by gaseous conduction. 

The primary purpose of t h e  

Another form of mul t ip l e - fo i l  i n s u l a t i o n  i s  t h a t  r ecen t ly  put  ou t  

by NRC (Nat ional  Research Corporation). A t y p i c a l  NRC i n s u l a t i o n  c o n s i s t s  

of l a y e r s  of 0.0025 inch mylar sheets .  Each shee t  i s  coated on one s i d e  

wi th  0.000001 inches of aluminum. I t  has  a k f a c t o r  roughly equivalent  

t o ,  or a l i t t l e  l e s s  than t h a t  of  Linde f o i l .  T h i s  i n s u l a t i o n  must a l s o  

ope ra t e  under a good vacuum (0.1 microns o r  l e s s ) .  

The vacuum requirement f o r  e f f i c i e n t  opera t ion  r e s u l t s  i n  a s e r i o u s  

o p e r a t i o n a l  problem with f o i l  i n su la t ion  f o r  cryogenic tankage. Once i n  

- space t h i s  problem i s  a l l e v i a t e d .  However, while i n  t h e  atmosphere some 
means must be provided t o  maintain the i n s u l a t i o n  under a vacuum environ- 

me&. The o t h e r  a l t e r n a t i v e  i s  t o  purge t h e  i n s u l a t i o n  with a non-condensable 

gas  and then evacuate once i n  space. 
One obvious means of providing a vacuum environment for t h e  i n s u l a t i o n  

t o  b u i l d  a double walled tank,  bu t  t h i s  would incu r  a l a r g e  weight pena l ty .  
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Another method i s . t o  b u i l d  a l i g h t  weight  f l e x i b l e  vacuum j a c k e t .  Such 
a so lu t ion  could be provided by a sealed mylar bag p laced  around t h e  

in su la t ed  tank and then  evacuated. The atmospheric compression load  on 

t h e  i n s u l a t i o n  would cause higher  boil-off while  i n  t h e  atmosphere, however 
the compressive load  would decrease once i n  the vacuum of space. Linde 

has  suggested t h e  mylar bag vacuum jacke t  concept and has  experimentally 

inves t iga t ed  t h e  e f f e c t  of compressing t h e  f o i l  i n s u l a t i o n  under an 

atmospheric load.  

compressed i n s u l a t i o n  under a load  of 14.7 p s i  w a s  roughly 100 t i m e s  t h a t  

o f ' t h e  uncompressed i n s u l a t i o n  a t  temperatures between 520°R and 37'R. 

Once t h e  compression load  was removed t h e  hea t  t r a n s f e r  r a t e  approached 

i t s  o r i g i n a l  uncompressed va lue .  This s imula tes  a tank  be ing  moved from 

the-ground where t h e  evacuated in su la t ion  pack would be under an atmospheric 

pressure  load, i n t o  space where the compression load  no longer  e x i s t s .  The 

r e l a t i v e l y  high bo i l -o f f  r a t e s  on t h e  ground could be t o l e r a t e d  i f  t h e  tanks  

were continuously topped. 

I t  was found t h a t  t h e  hea t  t r a n s f e r  r a t e  through t h e  

* Evacuation of a non-condensable gas from t h e  i n s u l a t i o n  when i n  space 

has  been inves t iga t ed  a n a l y t i c a l l y  and shows promise. 

f o i l s  around cryogenic tankage a l s o  would be enclosed i n  a mylar bag. 

However, i n s t ead  of evacuating the f o i l  pack gaseous helium would be  i n t r o -  

duced a t  a pressure  equal  t o  or s l i g h t l y  h igher  than atmospheric pressure .  

Since helium i s  a gas  a t  l i q u i d  hydrogen temperatures,  t h e r e  would be no 

problem of condensation. During boost, a s  the surrounding p res su re  i s  
decreasing,  t h e  helium would be allowed t o  escape through many small  ho les  

i n  t h e  f o i l s .  The vacuum of space would then  serve  a s  a pump f o r  evacuation 

of the f o i l s .  
Ck = 0.06 Btu-ft 

whenever helium i s  present  i n  t h e  f o i l s .  

r e q u i r e  a long-time per iod f o r  evacuation would consequently s u f f e r  high 

boil-off l o s s e s .  With proper desigri p-i.oce2ilrss t hese  Lnsses could be 

minimized. 

With t h i s  method, t h e  

Since gaseous helium i s  a r e l a t i v e l y  good conductor 
between 520 and 37OR) high boi l -of f  l o s s e s  a r e  incur red  

h r  f t 2  O R  
Hence, i n s u l a t i o n  systems which 

The means by which f o i l s  a r e  applied t o  f l i g h t  weight cryogenic tanks  

could be another  problem a rea .  

devoted t o  t h i s  a r ea  more development work i s  needed t o  def ine  t h e  s e v e r i t y  

of t h e  problems. 

However, because l i t t l e  e f f o r t  has  been 

I n  o rde r  f o r  t h e  f o i l s  t o  opera te  e f f i c i e n t l y  they  must 
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be i n  a non-compressed s t a t e .  

t o  hold t h e  i n s u l a t i o n  on t h e  tank would cause undue b o i l - o f f .  One means 

of avoiding t h i s  might be t o  use a loose form f i t t i n g  mylar bag. Addi t iona l  

w i r e  cage support  could be used on the bottom of t h e  tank  f o r  support  during 

boost .  

This  means t h a t  t i g h t l y  wound bands used 

Another problem a rea  which d i r e c t l y  inf luences  t h e  weight p e n a l t i e s  

a s soc ia t ed  wi th  p rope l l an t  s torage  i s  t h a t  of zero  g rav i ty  hea t  t r a n s f e r .  

Limited da ta  ava i l ab le  from zero-g experiments flown on Aerobee rocke t s  

(Reference 5) i n d i c a t e  t h a t  propel lant  . temperature s t r a t i f i c a t i o n  w i l l  be 

p re sen t .  S t r a t i f i c a t i o n  would cause a non-vented tank t o  reach some l i m i t -  
i n g  pressure  more r a p i d l y  (and with l e s s  hea t  input)  than  a tank wi th  no 

s t r a t i f i c a t i o n  ( i  . e . ,  uniform temperature throughout) . If no s t r a t i f i c a t f o n  

we= p re sen t ,  advantage could be  taken of t h e  l a r g e  hea t  s ink  a v a i l a b l e  

i n  t h e  p rope l l an t  and l e s s  weight would be requi red  t o  s t o r e  t h e  p r o p e l l a n t s  

€or a given mission. 

The i n s u l a t i o n  concept used i n  t h i s  study was t h e  helium purged f o i l s  

and t h e  assumptions used i n  ca l cu la t ing  i n s u l a t i o n  and boi l -of f  weights 

w e r e  f 
1. The s e r v i c e  module was randomly o r i en ted  during t h e  mission; 

2 .  A l l  hea t  absorbed wi th in  the t anks  went i n t o  vaporizing p r o p e l l a n t .  

N o  advaneage was taken of t h e  hea t  s ink capac i ty  of t h e  p rope l l an t .  This  

assumption i s  necessary s ince  s o  l i t t l e  i s  known about zero-g hea t  t r a n s f e r ;  

3 .  The handbook value of t h e  i n s u l a t i o n  dens i ty  was doubled t o  account 

f o r  p r a c t i c a l  app l i ca t ion  problems ; 
4. I t  was assumed that a helium pressure  of one micron remained i n  

t h e  f o i l s  u n t i l  t h e  vehic le  reached l u n a r - o r h i t .  The f o i l  thermal conduc- 

t i v i t i e s  used were 7 x 10 -' H r - F t ~ - ~ R  Btu-in u n t i l  a r r i v a l  a t  l una r  o r b i t  and 

t h e r e a f t e r .  -4 Btu-in 
2*4--x  lo Hr-FtZ-OR 

The r e s u l t i n g  optimum f o i l  thicknesses  were 0.50 inch on t h e  hydrogen 

t a n k  and 0.65 i r l &  oii t h s  LOX tinks. The prope l l an t  bo i l -of f  throughout 

t h e  mission i s  i l l u s t r a t e d  i n  Table I V .  

P r e s s u r i z a t i o n  Svstem - A simple co ld  helium p res su r i za t ion  system was 

chosen for t h i s  s tudy.  

p s i a  and 38OR. It  was assumed t h a t  t h e  helium expanded isothermally i n  t h e  

helium b o t t l e  and en tered  t h e  propel lan t  tanks  a t  t h e  propel lan t  temperatures .  

The helium was s t o r e d  i n  t h e  hydrogen tank a t  2000 
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The cold gas p re s su r i za t ion  system i s  heavy and t h e r e f o r e  i s  not 

necessa r i ly  optimum f o r  t h e  cryogenic s e r v i c e  module. It was chosen 

berause of i t s  inherent  s i m p l i c i t y  and should be capable of high r e l i a b i l i t y .  

The cold gas system tends  t o  be heavy because tank  vent ing  l eads  

t o  l o s s  o f  helium i n  add i t ion  t o  loss of hydrogen, and helium gas and i t s  
assoc ia ted  containment v e s s e l  a r e  heavier t han  hydrogen and i t s  assoc ia ted  

tank .  Furthermore, it was assumed tha t  during p rope l l an t  expulsion, no 

vapor iza t ion  of p rope l l an t  i n t o  t h e  u l lage  space took p l ace .  This i n -  

c r eases  t h e  pressurant  requirements,  bu t  experimental  da t a  obtained i n  

L e w i s  programs s u b s t a n t i a t e  t h i s  assumption. A f t e r  each expulsion per iod  

it i s  assumed t h a t  t h e  p rope l l an t ,  pressurant ,  and p rope l l an t  vapor come 

t o  thermal equi l ibr ium. This n e c e s s i t a t e s  increased  vent ing  t o  prevent 

-overpressure i n  t h e  tanks .  I t  it were poss ib l e  t o  maintain s a t u r a t i o n  

condi t ions  i n  t h e  u l l a g e  space during expulsion, then  t h e  pressurant  

requirements and vent ing  l o s s e s  could both  be reduced s u b s t a n t i a l l y .  

The u t i l i z a t i o n  of a hot  gas p re s su r i za t ion  system would reduce the 

pre-ssurant requirements,  bu t  would increase t h e  complexity of t h e  system 

and r e s u l t  i n  increased  boi l -of f  r a t e s .  S imi la r ly ,  i f  highly r e l i a b l e ,  

long l i f e  boost pumps were developed, t h e  pressurant  requirements could be 

reduced d r a s t i c a l l y ,  bu t  t h i s  must be t r aded  o f f  aga ins t  t h e  weight of 

t h e  boost  pump system and i t s  complexity. If peroxide d r ive  were used, 

t hen  thermal  condi t ion ing  of t h e  peroxide would be necessary.  

Propel lan t  Flow Svstem - A f low system schematic i s  shown i n  F igure  1 
'along wi th  a d e f i n i t i o n  of  schematic no ta t ions .  A l l  l a r g e  valves  w i l l  be 

operated by intermediate  pressure  (YO0 ps ia )  helium. Ullage c o n t r o l  w i l l  

be provided by t h e  a t t i t u d e  con t ro l  system and it has been assumed t h a t  

u l l a g e  bubble l o c a t i o n  during zero-g coas t  can be predic ted  s o  t h a t  no 

l i q u i d  i s  vented overboard. 

no t  p r a c t i c a l ,  t hen  l iquid-vapor separa tors  would be requi red .  

I n  the  event t h a t  u l l a g e  bubble l o c a t i o n  i s  

Meteoroid Considerations - I n  computing t h e  p robab i l i i y  of zetecrcid 
p e n e t r a t i o n ,  Whipple's 1963A f l u x  d i s t r i b u t i o n  and Summers' pene t r a t ion  
c r i t e r i a  were used toge the r  with a p a r t i c l e  dens i ty  of 0.44 gm/cm3 and an 

average v e l o c i t y  of 2 2  km/sec. These assumptions a r e  based on l i m i t e d  

s a t e l l i t e  da ta  obtained t o  da te  (Reference 6 ) .  

* 
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A f a c t o r  of f i v e  was appl ied t o  account f o r  t h e  bumper e f f e c t s  
r e s n l t i n g  from t h e  mul t i l aye r  airframe conf igura t ion .  The c a l c u l a t i o n s  

ind ica t e  t h a t  t h e  cryogenic se rv i ce  module, a s  designed, has  a 0.999 

p r o b a b i l i t y  of no meteoroid pene t ra t ion  t h r u  t h e  main p rope l l an t  tanks  f o r  

t h e  exposure and condi t ions  of a normal luna r  t r i p .  A s  a r e s u l t ,  no 

a d d i t i o n a l  meteoroid sh i e ld ing  was added. 

I 

Propulsion - A se rv ice  module conf igura t ion  us ing  a s i n g l e ,  g inha lea  

RL-10 engine was se l ec t ed .  For  t h e  LOR Apollo mission, t h i s  15,000 pound 

t h r u s t  engine provides adequate t h r u s t  t o  minimize g r a v i t y  l o s s e s .  A s p e c i f i c  

impulse of 430 seconds a t  t h e  present RL-10 a rea  r a t i o  of 40 t o  l w a s  

assumed 

Use of t h e  present  s e rv i ce  module a t t i t u d e  c o n t r o l  system was assumed 

f o r  t h e  cryogenic s t age .  The a t t i t u d e  c o n t r o l  p rope l l an t  requirement and 

system weight were taken from Reference 4. Addi t iona l  p rope l l an t  was 

added t o  t h e  e x i s t i n g  system t o  provide f o r  a midcourse co r rec t ion  c a p a b i l i t y  

a s  w i l l  be  discussed.  

To e s t a b l i s h  pressurant  and r e s t a r t  requirements,  a schedule of RL-10 

propuls ion  phases was e s t ab l i shed .  Table V I  summarizes t h e  number of pro-  

pu l s ion  phases assumed and t h e  r e s u l t a n t  burning t imes and p rope l l an t  

consumptions f o r  a 90,000 pound lunar  t r a n s f e r  weight. Br i e f ly ,  f o u r  mid- 

course c o r r e c t i o n s  on t h e  outbound t r i p  and f o u r  on t h e  r e t u r n  t r i p  were 

assumed. Three maneuvers were assumed i n  t h e  v i c i n i t y  of l una r  o r b i t .  One 

t o  acqu i r e  l w a r  o r b i t ,  one t o  depart from luna r  o r b i t  and one t o  perform 

a p o s s i b l e  rescue-rendezvous maneuver while i n  luna r  o r b i t .  The number of 

maneuvers and t h e  AV requirements (Table I) l ead ing  t o  t h e  propuls ion 

requirements  shown i n  Table V I  were s e l e c t e d  somewhat a r b i t r a r i l y ,  based on 

l i m i t e d  Apol lo  da t a  ava i l ab le  a t  Lewis. F o r  example, a successfu l  rescue- 

rendezvous maneuver could r equ i r e  more than one se rv ice  module propuls ion 

phase.  However, p resent  Apollo plans f o r  a poss ib l e  rescue-rendezvous 

maneuver a r e  not  known, and an independerii a n a l y s i s  of t h i s  mane'~?ver hss 

not  been conducted a t  Lewis. F o r  t h i s  maneuver, it was assumed t h a t  t h e  
major AV requirement would be supplied by us ing  t h e  main propuls ion system. 

Add i t iona l  co r rec t ive ,  t r i m  o r  c los ing  maneuvers have not been accounted f o r .  

A s  shown i n  Table V I ,  t h e  major midcourse maneuvers were accomplished 

u s i n g  t h e  main engine. For  t h e  s m a l l e r  midcourse co r rec t ions ,  when the 
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burning time with main propuls ion would be unduly s h o r t ,  f o u r  o f  t h e  1 0 0  

pound t h r u s t  a t t i t u d e  c o n t r o l  engines were used. A comparable t h r u s t  

level could be achieved by opera t ing  the  RL-10 engine i n  t h e  i d l e  mode. 

Experimental programs a t  Lewis and a t  P r a t t  & Whitney have demonstrated, 
1 

I t h e  f e a s i b i l i t y  of t h i s  mode of operat ion.  However, d e f i n i t i v e  s p e c i f i c  

impulse va lues  f o r  t h e  i d l e  mode have not  been obtained.  

A s  shown i n  Table V I ,  use of the  se rv ice  module a t t i t u d e  c o n t r o l  engines 

f o r  t h e  smal le r  midcourse co r rec t ions  can r equ i r e  burning t imes approaching 

100 seconds. During t h i s  per iod a t t i t u d e  c o n t r o l  of t h e  se rv ice  module, i s  

of course,  requi red .  I n  p r i n c i p a l ,  t h i s  could be provided by simultaneous 

use of t h e  se rv ice  module a t t i t u d e  con t ro l  engine f o r  midcourse and a t t i t u d e  

con t ro l ,  o r  independently by t h e  command module a t t i t u d e  c o n t r o l  sys t em.  

Sinee no d e t a i l e d  information i s  p r sen t ly  ava i l ab le  a t  Lewis on t h e  capabi l -  

i t i e s  of t h e  present  s e rv i ce  module and command module a t t i t u d e  c o n t r o l  

systems, t h i s  problem has  not been examined i n  d e t a i l .  

I 

T o t a l  p rope l l an t  requirements e s t ab l i shed  f o r  t h e  cryogenic se rv i ce  

rnodcile included provis ion  f o r  chill-down, shut-down, and leakage l o s s e s .  

Chill-down losses were taken a s  15 .5  pounds pe r  f i r i n g ,  and shut-down l o s s e s  

as e i g h t  pourds p e r  f i r i n g .  Leakage r a t e s  were assumed t o  t o t a l  0.0525 

pounds p e r  minute f o r  a l l  coas t  per iods a f t e r  t h e  f i rs t  f i r i n g .  These va lues  

are cons i s t en t  wi th  those  repor ted  i n  Reference 7 .  

Spacecraf t  Confirmration - A layout of t h e  cryogenic s e r v i c e  module 

conf igu ra t ion  i s  shown i n  Figure 2a. Figures  2b and 2c include some 

p e r t i n e n t  s t r u c t u r a l  design d e t a i l s .  P r i n c i p a l  f e a t u r e s  of t h e  design 

are a m a x i m u m  diameter of 1 9 2  inches a t  t h e  base s e c t i o n  of t h e  module, 
a s p h e r i c a l  h y d r o g a  t ank ,  a sphe r i ca l  helium tank  loca ted  i n s i d e  t h e  

hydrogen sphere,  and f o u r  s p h e r i c a l  oxygen t anks .  Booster loads  a r e  c a r r i e d  

through t h e  ou te r  sandwich s h e l l  surrounding t h e  s t age  and t h e  p rope l l an t  

t anks  a r e  supported from th is  s h e l l .  The o u t e r  s h e l l  a l s o  serves  a s  a 

meteoroid bumper. 
through a c ros s  beam and r i n g  arrangement t o  the o u t e r  s h e l l .  

F i b e r g l a s  and foam hea t  s h i e l d  and meteoroid bumper i s  provided across  t h e  

base  of t h e  module. The design i s  based on a u s e f u l  p rope l l an t  loading of 

30,000 pounds and a weight breakdown i s  included i n  Table V I I .  

- The main propulsion engine t h r u s t  l oad  i s  t r ansmi t t ed  

A combination 
9 
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RESULTS AND DISCUSSION 

The improvement i n  performance occasioned by t h e  in t roduc t ion  

of a cryogenic se rv i ce  module i n t o  t h e  Apollo mission could be explo i ted  

by inc reas ing  command module weight, by inc reas ing  LEM gross  weight, or by 

reducing requi red  luna r  t r a n s f e r  weight. The improvements could a l s o  be 

explo i ted  by providing more AV capab i l i t y  i n  t h e  s e r v i c e  module propuls ion 

system i n  order  t o  increase  propel lan t  r e se rves ,  or t o  allow f o r  more e n e r g e t i c  

rendezvous and rescue opera t ions .  Combinations of improvements i n  a l l  of 

t h e s e  a r e a s  could a l s o  be r e a l i z e d .  

I n  t h e  present  study, t h e  advantages of a cryogenic s e r v i c e  module 

have been d i r e c t e d  toward inc reases  i n  LEM gross  weight and toward 

reduct ions  i n  l u n a r  t r a n s f e r  weight.  The r e s u l t s  a r e  summarized i n  

Figure 3 ,  where LEM gross  weight is p l o t t e d  a s  a func t ion  of l una r  t r a n s f e r  

weight f o r  s t o r a b l e  and cryogenic se rv i ce  modules. 

l and  requirements a r e  included i n  t h e  f i g u r e .  Performance va lues  ind ica t ed  

f o r  t h e  s t o r a b l e  se rv i ce  module a r e  cons is ten t  wi th  t h e  AV requirements used 

f o r  t h e  cryogenic se rv i ce  module and t h e  systems weights were taken from 

Reference 4. The s o l i d  curves represent  a p rope l l an t  capac i ty  of 45,000 

pounds f o r  t h e  s t o r a b l e  s e r v i c e  module and 33,000 pounds f o r  t h e  cryogenic 

s e r v i c e  module. Var ia t ions  i n  lunar  t r a n s f e r  weight a r e  then accommodated 

by of f - loading  these  designs t o  obtain a p rope l l an t  load  cons i s t en t  wi th  

t h e  t r a n s f e r  and LEM weight i n  question. Hardware weights remain f i x e d  

along tf-:ese eurves,  represent ing  a s ing le  design. 

cryogenic  se rv i ce  module, increased  pressurant  requirements were c a l c u l a t e d  

f o r  t h e  off- loaded 'condi t ions t o  account f o r  t h e  g r e a t e r  u l l a g e  volumes 

experienced. In c o n t r a s t ,  t h e  dotted curve f o r  t h e  cryogenic s t age  

r e p r e s e n t s  a redesign a t  each po in t  i n  quest ion s o  t h a t  hardware weight 

v a r i e s  and pressurant  i s  conserved. The weight breakdown of Table VI1 

Service module propel-  

I n  t h e  case  o f  t h e  

--C-nC. I C I c L e 7  t o  a design with a 30,000 pound p rope l l an t  capac i ty  and i s  consis-  
- t e n t  w i t h  a l una r  t r a n s f e r  weight of approximately 90,000 pounds. 

F igure  3 demonstrates very l i t t l e  d i f f e rence  i n  performance between 

t h e  design-point and f ixed  cryogenic s t ages .  This i s  l a r g e l y  t h e  r e s u l t  

of t h e  modest AV requi red  of t h e  serv ice  module i n  t h e  Apollo mission. 

Advantages i n  propel lan t  s lo sh  suppression during boost and i n  increased  

volumes ava i l ab le  f o r  a u x i l i a r y  equipment may accompany t h e  smal le r  designs,  
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however. 
i n  a LEM weight of 30,080 pounds i n  the case  of t h e  s t o r a b l e  s e r v i c e  module 

and 40,000 pounds i n  t h e  case  of t h e  cryogenic. 

weight, t h e  cryogenic s t age  could accommodate a l una r  t r a n s f e r  weight of 

l e s s  than 80,000 pounds. I n  e f f e c t ,  the  cryogenic s e r v i c e  module can 

provide inc reases  i n  LEM weight of 33 percent  or reduct ions  i n  luna r  

The r e s u l t s  i n d i c a t e  t h a t  a 90,000 pound t r a n s f e r  weight r e s u l t s  

A t  30,080 pounds LEM 

t r a n s f e r  weight of 1 4  percent  o r  combinations of improvements i n  these  

two a r e a s .  

. 
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TABLE I 

ASSUMED VELOCITY INCREMENTS 

FOR 

APOLLO LUNAR ORBIT RENDEZVOUS MISSION 

ProDulsion Time, hrs. Velocity EVENT 
Increment, 

Launch 
I n s e r t i o n  
Mitlcourse (1) 
Midcourse (2) 
Midcourse (3) 
Midcourse (4) 
Retro i n t o  Lunar Orbi t  
Rendezvous 
Departure from Orbi t  
Midcourse (5) 
Midcourse (6) 
Midcourse (7) 
Midcourse (8) 

0 
4.5 

13.5 
19 -5  
48.5 
73.5 
76.5 
82.5 

124.5 
133.5 
139.5 
168.5 
193.5 

255 
60 

5 
LO 

3553 
500 

3971 
255 
60 

5 
1 0  

RL-10 
RL-10 
4-100# A t t .  Cont. Engs. 
4-100# A t t  . Cont . Engs. 
RL-10 
RL-10 
RL- 1 0  
RL-10 
4-100# A t t .  Cont. Engs. 
4-100# A t t .  Cont. Engs. 
4-100# A t t  . Cont . Engs. 



TABLE I1 16 

MAJOR DESIGN CONSTRAINTS 
i 

Prope l l an t  Svstem 

LH2 - Gas Ullage = 5% 
LOX - Gas Ullage = 3% Liquid Outage = 1/2% 
LH2 
H e l i u m  p re s su ran t  s t o r e d  a t  2000 p s i a  6r 38OR 
LH2 Tank rnax. working pressure  - 2 5  p s i  a t  38OR 
LOX Tank max. working p res su re  - 30 p s i  a t  165'R 
Propel lan t  t ank  i n s u l a t i o n  - multi-layer f o i l  

Liquid Outage = 1% 

- Loaded a t  17 p s i a  6r 38OR LOX - Loaded a t  1 7  p s i a  S! 165OR 

Contained i n  p l a s t i c  bag - purged wi th  helium on launch pad 

Mater ia l s  and Allowable S t r e s s e s  

P rope l l an t  Tanks 
2219-T87 Aluminum a l l o y  
Allowable stress = 58,000 p s i  - LH2 Tank 
Allowable stress = 54,000 p s i  - LOX Tank 

5 AL - 2.5 SN Titanium Alloy 
Working stress = 120,000 p s i  

Airframe 

H e l i u m  Pressurant  Tank 

S t r u c t u r e  

Aluminum Honeycomb Sandwich 
7075-T6 Face Shee ts  
5052 Honeycomb core 
Designed on b a s i s  of  s t a b i l i t y  

Tank Supports 
5 AL - 2.5 SN Titanium 
Designed on basis  of s t a b i l i t y  

7075-T6 Aluminum 
Working s t r e s s  = 54,000 p s i  

Thrust S t ruc tu re ,  Rings and Longitudinal S t i f f e n e r s  

Propulsion 

S ing le  RL-10 A-3 Engine 
P = 300 p s i a  
€? = 4O:l 
Is (Vacuum) = 430 Seconds nR. = d . V  c n 
NPSP (Min.) 
u/ 1 

LH2 = 8 p s i  
LOX = 1 3  p s i  



TABLE I11 17 

AIRFRAME WEIGHT SUMMARY 

Outer S h e l l  

Face Sheet 
Honeycomb Core 
Longi tudinal  S t i f f e n e r s  
Rings 

Hydrogen Tank Support 

Cone 
Ring 

LOX Tank Support & Thrust S t ruc ture  

Spider  B e a m  
Rings 
Cy l ind r i ca l  SheJls, Brackets 

Helium Tank Support 

Cone 
Rings & Doublers 

A f t  Heat & Meteoroid Shie ld  

348 l b s .  
2 20 
120 
409 

69 
21 

267 
1 6  3 

68 

lQ97. l b s  . 

9 0  

49 8 

5 1  

39 
1 2  

1 1 2  

TOTAL STRUCTURAL WEIGHT 7 18 48 



TABLE I V  

PROPELLANT BOILOFF 

18 

Propel lan t  Capacity 30,000 l b s  . Tanks Fu l ly  Loaded a t  Launch 

Time , H r s  . Ullage Volume, % Boi lo f f ,  l b s .  EVENT 

LH2 LOX LH2 LOX 

Launch 0 3 5 

Acquire Park Orbi t  0 . 1  

I n s e r t  i on  4.5 

Midcourse (1) 13.5 

Midcourse (2) 19.5 

Midcourse (3) 48.5 

Midcourse (4) 73.5 

Retro i n t o  Lunar Orbi t  76.5 

Recovery 82.5 

Depart Lunar Orbi t  124.5 

Midcourse (5) 133.5 

Midcourse (6) 139.5 

Midcourse (7) 168.5 

Midcourse (8) 193.5 

9 l i  
11 I T  
7 2  69 

76 74 

97 98 

10 0 100 

1 6  10 

32 20 

57 56 

104 138 

I I 
7 1  64 

54 60 

34 32 



19 TABLE V 

PRESSURANT REQUIREMENTS 

Propel lan t  Capacity 30,000 l b s  . Tanks f u l l y  loaded a t  Launch - 

- EVENT -- Time , H r s  . Tank Pressure , p s i a  Pressurant  Flow,&. 

Propul-Coast Propul- 
s i o n  s ion  

LH LOX Tank LH2 Tank - LOX -2 
Coast 

Launch 

Acquire Park Orbi t  

I n s e r t  ion  

Midcourse (1) 

Midcourse (2) 

Midcourse (3)  

Midcourse (4) 

Retro i n t o  Lunar Orbi t  

Recovery 

Depart Lunar Orbi t  

Midcourse (5) 

Midcourse (6) 

Midcourse (7) 

Midcourse (8) 

0 

0 . 1  

4.5 

13.5 

19.5 

48.5 

73.5 

76.5 

82.5 

129.5 

133.5 

139.5 

163.5 

193.5 

17 

17 

17 

30 

30 

17 

17 

30 

30 

30 

30 

17 

17 

17 

17 17 17 

1 7  

17 

25 

25 

17 

1 7  

25 

25 

25 

25 

17 

17 

17 

2 1 7  

1 8 

16 189 

7 44 

11 119 

8 50 
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TABLE V I  

PROPULSION REQUIREMENTS 

,EVENT Time , H r s  . -- Propulsion 
Propel lan t  Burning 
R e w i r e d ,  l b s  . Time, Sec . 

Launch 
I n s e r t  ion  
Midcourse (1) 
Midcourse (2) 
Midcourse (3)  
Midcourse (4) 
Retro i n t o  Lunar Orbi t  
Rendezvous 
Depart Lunar Orbi t  
Midcourse (5) 
Midcourse (6) 
Midcourse (7) 
Midcourse (8) 
I .. . . 

0 
4.5 

13.5 
19 .5  
48.5 
73.5 
76.5 
82.5 
12b. 5 
133.5 
139.5 
168.5 
193.5 

RL-10 
RL-10 
4-100# A t t  .Cont .Engs. 
4-100# A t t  .Cont .Engs. 
RL - 10 
RL-10 
RL - 10 
RL-10 
4-100# A t t  .Cont .Engs . 
4-100# A t t  .Cont .Engs . 
4-100# A t t  .Cont .Engs . 

1 6 4 1  
38 1 

43 
87 

1 9 7 0 5  
9 3 5  

6232  
337 
1 0 7  

9 
1 8  

4 7 . 1  
10 .9  
34.0 
67.7 

564.9 
26.8 

178.7 
9.7 

83.8 
6.9 

13.7 



TABLE VI1 

Helium 

Helium Tank 

Shape-Sphere 
Diameter - 57.4" 
Thickness- 0.239 " 

Material-TT-SAL-2.5SN 

Shape - Sphere 
Diameter - 167 .O" 
Thickness- 0.020" (Minimum Gage) 
Material-  2 2 19 -T8 7AL 

Shape - Spheres (4) 
Diameter - 67.8" 
Thickness - 0.015" (Minimum Gage) 
Mate r i a l  - 2219-T87AL 

Fue l  Tank 

Oxidant Tanks 

Main Engine 

Propel lan t  System 

S t r u c t u r e  

A t t i t u d e  Control System 

I n  sul a t  i o n  

Impulse Propel lan t  

Boi l -of f ,  Residuals,  Leakage iS 

Contingency 

Chilldown Propel lan t  

21 

CRYOGENIC SERVICE MODULE 

WEIGHT BREAKDOWN 

566 Lbs. 

39 8 

18 7 

89 

29 0 

200 

18 48 

1680 

413 

30000 

159 5 
1068 

STAGE TOTAL 38334 
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